I. INTRODUCTION
The demanding size reduction needs of multifunctional communication systems have generated interest in reconfigurable antenna technologies. Recent literature has extensively investigated the reconfiguration capabilities offered by varactors [1] , PIN diodes [2] , ferroelectric varactors [3] , microelectromechanical systems (MEMS) switches, and MEMS capacitors [4] . These techniques are well recognized to offer compact and cost-effective high-reconfiguration speed antennas. However, they continue to exhibit drawbacks in terms of several RF performance metrics such as the range of frequency tunability, power handling capability, and radiation efficiency. Microfluidic-based reconfigurable antennas have been shown to be promising for addressing these needs [5] . For example, stretchability of the liquid metalfilled polymer substrates has been demonstrated for frequency-tunable and -flexible antennas [6] . Loading of antenna substrates with different type of liquids exhibiting diverse permittivity values has been proposed for frequency reconfigurability [7] . A continuously movable liquid-metal slug inside plastic tubing has been used as a parasitic director to generate beam steering from a circular loop antenna [8] and a frequency-tunable Yagi-Uda monopole array [9] . Microfluidically repositionable liquid-metal patch antennas have been utilized behind microwave lenses to generate beam-scanning mm-wave focal plane arrays [10] . In addition, repositioning of liquid metals inside microfluidic channels and tubes has been proposed for frequency-tunable filter [11] and frequency-selective surface implementations [12] . More recently, different from the aforementioned techniques, a liquid-metal monopole antenna that can dynamically change its length has been introduced [13] . Since liquid metals react with conventional metals used in printed circuit boards, a key enabler of this monopole antenna was the realization of its feeding mechanism with capacitive coupling. The high level of coupling between the microstrip feed line and the antenna was accomplished with microfluidic channels manufactured by bonding a 1-mil (= 25.4 µm)-thick low-loss liquid crystal polymer (LCP) substrate with a relatively thick (∼ 2 mm) polydimethylsiloxane (PDMS) substrate. This communication presents a detailed investigation of this antenna concept by also enhancing the frequency tuning range to 4:1 (1.29-5.17 GHz) through a different feed coupling scheme. A system-level implementation with external micropumps is presented. Microfluidic channel dimensions are selected through detailed flow characterizations to achieve a high tuning speed with reliable liquid-metal volume movement. The antenna is shown to operate with a tuning speed of 242.5 MHz/s and exhibit > 1.3 dB measured realized gain across its frequency tuning range.
The presented antenna also allows for high-gain frequency-tunable antenna arrays operating within a wide frequency range. When resorted to meandered or interconnected microfluidic channels, the implementation of such arrays can be accomplished by using a single bidirectional micropump unit. To demonstrate this capability, in this communication, a 4 × 1 linear broadside array operating from 2.5 to 5 GHz is designed and experimentally verified. The array operates with measured > 6 dB broadside gain and a tuning speed of 125 MHz/s. This communication is organized as follows. Section II introduces the wideband frequency-tunable liquid-metal monopole-antenna concept and carries out an example design based on experimental microfluidic channel-flow characterizations. Section III provides the experimental verification of the antenna and details its operation with external micropumps. Section IV presents the 4 × 1 array to demonstrate realization of wideband frequency-tunable high-gain antenna arrays. Finally, Section V includes the concluding remarks. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. aligned with the microstrip feed line to generate capacitive coupling through the 1-mil-thick LCP layer. The nonliquid-metal volume of the microfluidic channel is filled with low-loss Teflon solution (DuPont AF 2400, 400S2-100). A bidirectional micropump unit is used to reconfigure the physical length of the antenna by retracting a portion of the liquid-metal volume to reside over the microstrip feed line. This reconfiguration technique relies on the ability to form a continuous liquid-metal slug inside the microfluidic channel. Physically, long slugs forming the radiating part of the antenna are necessary for achieving a low frequency of operation and wideband frequency tuning range. On the other hand, a wider overlap area between the microstrip line and the liquid-metal slug increases the capacitive coupling necessary to realize a virtual RF short at the feed point. Consequently, the range of realizable liquid-metal slug widths and lengths must be identified before proceeding with a specific antenna design. To do so, experiments were performed to determine the maximum realizable physical length and width of the liquid-metal slug under different microfluidic channel heights.
II. LIQUID-METAL MONOPOLE

A. Liquid-Metal Flow Characterization
To characterize the channel dimension effects on the length of the liquid-metal slug, five sets of microfluidic channels were fabricated. Each set included 60-mm-long microfluidic channels with widths varying from 0.5 to 5 mm. Each set had a uniform channel height. The channel heights among the sets were varied from 100 to 300 µm with 50-µm increments. Liquid metals that have been reported so far in literature include eutectic gallium indium (EGaIn), eutectic gallium indium tin (EGaInSn, Galinstan), eutectic sodium potassium (NaK), and mercury. Due to its low-rate oxidization and stiction properties, mercury was utilized as the liquid metal in these characterizations. Syringes were used to transport liquid metal and Teflon solution inside the channels. By increasing the liquid-metal volume gradually, the maximum length of the liquid-metal slug that can be repositioned inside the channel was determined. For example, for the 250-µm-high channels, the length of the realizable liquid-metal slug reduced from 50 to 6 mm as the channel width was increased from 0.5 to 3 mm as shown in Fig. 2 . For wider widths, it was not possible to form movable slugs as the liquid metal took a shape that did not cover the entire width of the channel. Table I presents the maximum slug lengths that could be realized inside the microfluidic channels. The maximum length was determined to be 50 mm inside a 250-µm-high and 0.5-mm-wide microfluidic channel. Hence, this channel shape was selected for implementing the radiating section of the monopole. This choice was attractive for realizing the minimum operational frequency and maximizing the frequency tuning range. On the other hand, a wider and shorter overlap area was advantageous for maximizing the capacitive coupling in the feed section. This approach avoided undesired coupled line resonances and minimized the required liquid-metal volume. From Table I , it is observed that the widest channel that could accommodate the overall antenna volume (i.e., 0.5 mm × 50 mm × 250 µm) was the 2-mm-wide channel (i.e., 2 mm × 18 mm × 250 µm). Consequently, 2-mm-wide channel was selected for the feed section implementation. A second set of experiments was performed to identify a junction shape that would provide a reliable intertransition of the liquid-metal slug between the 0.5-and 2-mm-wide channels. Fig. 3 depicts the junction shapes and corresponding behavior of the liquid-metal slug. Among all the trials, the rounded junction shape was selected for the antenna implementation.
B. Design
Since the maximum achievable length of the liquid-metal slug was 50 mm, the antenna structure shown in Fig. 1 was initially simulated with 50-mm radiating length and 0.5-mm width (throughout the communication, Ansys HFSS v15 is used as the full-wave electromagnetic simulator). By using a direct electrical connection between the microstrip feed line and the monopole, the lowest resonance frequency was determined as fmin = 1.2 GHz. Hence, the minimum overlap area between the liquid metal and the microstrip feed line must be designed to exhibit an effective RF short ≥ 1.2 GHz. The minimum overlap area was determined based on the |S21| performance of two back-to-back liquid metal and microstrip line transitions as shown in Fig. 4(a) . The microstrip feed line had a width of Wms = 5 mm to achieve Z0 = 50 Ω characteristic impedance. The width of overlap area was set to WO = 2 mm based on the flow characterization studies. The overlap length LO was gradually increased from 1 to 10 mm, while the |S21| performances were observed over the 1-5-GHz band as shown in Fig. 4(c) . Specifically, for LO = 5 mm, |S21| ≥ −0.62 dB and implied ≤ 0.5 dB insertion loss for single transition. Larger overlap lengths did not provide further significant reductions in insertion-loss performance. Consequently, minimum overlap length was selected as L O(min) = 5 mm. Fig. 5(a) demonstrates the final dimensions of the frequency-tunable liquid-metal monopole antenna. The ground plane width was set to WG = 40 mm. Larger ground plane lengths (LG) were found to distort the omnidirectional characteristic of the radiation pattern at frequencies higher than 4 GHz [14] . The minimum ground plane length required was 17.5 mm to be able to retract the entire volume of the liquid-metal monopole inside the feed overlap channel. However, to accommodate an SMA connector, the ground plane length was enlarged to LG = 25 mm. This length was found to preserve the omnidirectional nature of the radiation pattern up to 5 GHz. Although the antenna could be tuned to higher frequencies, the maximum operational frequency was therefore set to fmax = 5 GHz. Consequently, the antenna was designed to be operating over a ∼ 4 : 1 bandwidth from fmin = 1.2 GHz to fmax = 5 GHz. This frequency range includes the amateur radio 23 cm (1.24-1.3 GHz), PCS (1.85-1.99 GHz), AWS mobile phone downlink (2.11-2.155 GHz), ISM (2.4-2.483 GHz), amateur radio 9 cm (3.3-3.5 GHz), C-band communication satellite downlink (3.7-4 GHz), and aeronautical radio navigation (4.2-4.4 GHz) bands. To demonstrate the radiation performance, the antenna was simulated by changing the radiating length LRad from 50 to 10 mm. The antenna provided continuous frequency tuning. Representative |S11| < −10 dB curves are specifically presented in Fig. 5(b) for LRad = 50 mm (1.2 GHz), LRad = 25 mm (2.3 GHz), LRad = 20 mm (3.3 GHz), and LRad = 10 mm (4.8 GHz). The |S11| < −10 dB bandwidth varied between 8.33% and 16.9%.
III. EXPERIMENTAL VERIFICATION
The microfluidic channel was fabricated using the soft lithography technique. The PDMS layer carrying the channel was then bonded with a 0.025-mm-thick LCP substrate by customizing a 3-aminotriethoxysilane (APTES)-based bonding process [10] . The APTES-treated LCP layer and the PDMS layer were then brought in contact with care in order to ensure that there were no air bubbles trapped between the two layers. The fabrication of the feed board was carried out with well-known PCB etching procedures. The feed line had a 90
• bend to separate the SMA and microfluidic connectors from each other. The feed board and channel mold masks carried features to generate alignment holes. After preparing the holes, the channel and the feed board were aligned and glued together. Commercially available piezo-actuator-based micropumps obtained from Bartels Mikrotechnik GmbH were used to pump the low-loss Teflon solution inside the microchannels. The pumps had overall dimensions of 30 × 15 × 3.8 mm 2 with 2-g weight and less than 200-mW power consumption. Since the micropumps were unidirectional, two of them were connected in series to form the closed-loop fluidic system with a bidirectional flow. The pumps are controlled using the mp-x control unit of the micropump manufacturer. Fig. 6 shows the fabricated antenna with the flow control system. Fig. 7(a) depicts the snapshots of the fabricated liquid-metal monopole antenna as it is reconfigured to operate at various resonance frequencies. Initially, syringes were used to inject the calculated mercury volume of 11.25 mm 3 into the microchannel. The inlet and outlet of the microchannels were then connected to the flow control system. For each case shown in Fig. 7(a) , the radiating lengths were set to the values described in the simulation study (i.e., LRad = 50, 25, 20, 10 mm) and the corresponding resonance frequencies were measured as shown in Fig. 7(b) . The measured response of the antenna showed a shift from the simulated value by 7.5% possibly due to the nonrectangular shape of the liquid metal and increase in insulator thickness due to the use of glue. These factors decrease the coupling in feed point and therefore degrade the measured |S11| response at the lowest operational frequency. The measured normalized radiation patterns of the antenna are shown in Fig. 8 at 2 .4 and 4.8 GHz. These patterns agreed well with simulation-based predictions and showed a stable omnidirectional radiation. The cross-polarization levels were less than 10 dB in both E-and H-planes. Fig. 9(a) depicts the peakrealized E-plane gain across the operational frequency range. The measured radiation efficiency values using the modified Wheeler Cap method [15] are reported in Fig. 9(b) . It was observed that difference between the simulated and measured efficiencies was less than ∼ 6%. This small deviation can be due to the inaccuracy in PDMS loss tangent and ignoring the loss tangent of the glue used to assemble the fabricated prototype. The reconfiguration time was measured to be 16 s.
In the third phase of the experiment, the possibility of implementing the antenna with nontoxic liquid-metal Galinstan was considered. Since Galinstan is an eutectic alloy of gallium, indium, and tin, it oxidizes rapidly and requires advanced packaging. To avoid the oxidization-related sticking, the realization of the fabricated antenna from Galinstan was carried out inside an Inert Lab Glove Box (Innovative Technology Inc.) that maintained the oxygen and moisture content to < 1 ppm. The antenna was observed to perform reliably inside the glove box. The antenna failed to operate once taken outside of the glove box as a result of Galinstan oxidization and sticking to the channel walls. This is due to the porous nature of the PDMS. Recent publications have investigated techniques to address this problem and potentially replace pumps with alternative actuation techniques. In [16] , the technique of air-bubble actuation to implement a reconfigurable slot antenna was introduced. Reference [17] applies continuous electrowetting to develop a tunable amplifier using reconfigurable liquid-metal-based double-stub tuners. Different from electrowetting on dielectric, electrocapillary actuation has been shown as a low power means to tune a liquid-metal bandpass filter [18] . In [19] and [20] , detailed discussions on practical implementation of liquid-metal antennas with nontoxic Galinstan for long-term operation are provided.
IV. LIQUID-METAL MONOPOLE ARRAY
The size of the bidirectional micropump unit constitutes a disadvantage for certain applications that require compact size. In addition, the suitability of the technique to form frequency reconfigurable highgain antenna arrays seems to be challenging due to the substantial increase in the number of micropumps. In this section, we show that liquid-metal monopole arrays can still be constructed using a single bidirectional micropump unit when their implementation resorts to meandered or interconnected microfluidic channels. Specifically, the concept is demonstrated through a 4 × 1 linear broadside array design operating from 2.5 to 5 GHz. As shown in Fig. 10(a) , the array consists of four liquid-metal monopoles linearly arranged and fed in phase (β = 0
• ) along the y-axis. The microfluidic channels of the antennas are interconnected to control the frequency tuning using a single bidirectional micropump unit [ Fig. 10(b) ]. The element spacing (d) must be less than a wavelength (λ0 = 60 mm at 5 GHz) to prevent the appearance of grating lobes. To perform beam scanning without grating lobes, a much smaller d is desirable. On the other hand, the mutual coupling is inversely proportional to d and higher at lowest operational frequency. To keep mutual coupling below −10 dB at 2.5 GHz, d was selected as 40 mm. A customized control unit was developed based on an Arduino Uno microcontroller and micro pump's driving circuit (mp6-OEM controller, 12 × 22 × 11 mm 3 ). This unit is compact as compared to the flow control unit shown in Fig. 6 and can be miniaturized further with PCB implementation. Fig. 11 depicts the simulated and measured realized gain pattern of the array in the θ = 90
• plane at the lowest and highest operating frequencies. Specifically, the array exhibits 6.2 and 8.06 dB measured realized peak gain at 2.5 and 5 GHz, respectively. By comparing the measured and simulated gain values and relying on pattern similarity, the radiation efficiency of the array can be estimated as 80% and 65% at 2.5 and 5 GHz, respectively. The reconfiguration time of the array was measured as 20 s. It was observed that the bulging of the PDMS layer during reconfiguration can sometime cause an unequal movement of the liquid metal inside the channels. Nevertheless, this could be prevented completely by using a thicker PDMS layer or a hard substrate such as quartz.
V. CONCLUDING REMARKS
A microfluidically reconfigured wideband frequency-tunable liquid-metal monopole antenna was presented. The antenna relied on continuous movement of the liquid-metal volume over the capacitively coupled microstrip line feed network with a micropump unit. The capacitive coupling at the feed point was realized by bonding microfluidic channel molds prepared in PDMS with thin LCP substrate. The antenna was measured to operate from 1.29 to 5.17 GHz, providing ∼4:1 frequency tuning range. To ensure reliability, the antenna design was carried out by resorting to flow characterization studies performed over different microfluidic channel shapes. To demonstrate the applicability of the presented monopole in antenna arrays, a 4 × 1 frequency-tunable array was developed and measured to operate from 2.5 to 5 GHz.
